The maedi-visna lentivirus (MVV) induces encephalitis, interstitial pneumonia, arthritis and mastitis in sheep. While some MVV strains can enter cells of ruminant species only, others can enter cells from many species, including human, but not Chinese hamster cells. However, the identity of the receptor(s) used by MVV for entry is unknown. The MVV-K1514 receptor gene was localized in sheep and human chromosomes using hamsterisheep and hamsterihuman hybrid cell lines. Based on entry by a vector pseudotyped with the MVV-K1514 envelope, the MVV-K1514 receptor gene was mapped to sheep chromosome 3p and to a region of human chromosome 2 (2p25 q13), which has conserved synteny with sheep chromosome 3p. These regions do not include any known lentivirus receptor or coreceptor gene, indicating that MVV-K1514 uses a new lentivirus receptor to infect human cells.
The ovine maedi-visna lentivirus (MVV) causes encephalitis, interstitial pneumonia, mastitis and arthritis in sheep (Narayan et al., 1993) . Although productive MVV replication in vivo is restricted to cells of the monocyte\macrophage lineage and dendritic cells, many cell types express MVV receptors in vitro and possibly in vivo (Brodie et al., 1995 ; Gendelman et al., 1985 Gendelman et al., , 1986 Georgsson et al., 1989 ; Gorrell et al., 1992 ; Ryan et al., 2000) . MVV strains can be segregated into two groups according to recognition of receptors from different species : the Icelandic and British MVV strains K1514 and EV1 can enter cells from a wide range of species, including human, but not Chinese hamster (Cricetulus griseus) cells, while entry of North American MVV strains is restricted to cells of ruminant species (Bruett & Clements, 2001 ; Ho$ tzel & Cheevers, 2001 ; Lyall et al., 2000 ; MacIntyre et al., 1972) . However, the identity of the MVV receptor(s) is not known.
Here, we mapped the MVV-K1514 receptor gene in sheep and human chromosomes to determine whether it is located in the same chromosome region as any other lentivirus receptor or coreceptor gene.
As ruminants and humans share extensive synteny (regions of conserved physical association of genes in chromosomes) (Band et al., 2000) , we first mapped the MVV-K1514 receptor gene in chromosomes of sheep, the natural host of MVV-K1514, and then tested if any of the syntenic regions of the human genome also encoded a receptor for MVV-K1514. A hamsterisheep somatic cell hybrid panel was tested for susceptibility to infection by the caprine arthritisencephalitis virus (CAEV) vector CAEVneo (Ho$ tzel & Cheevers, 2001 ) pseudotyped with the MVV-K1514 envelope [CAEVneo(K1514)], which induces resistance of infected cells to the antibiotic G418. The hamsterisheep hybrid cell panel used in this study was produced by fusing Chinese hamster CHO cell auxotrophs with sheep lymphocytes (Burkin et al., 1998) . Cells were obtained from Dr James DeMartini (Colorado State University, Fort Collins, CO, USA) and grown in Hamhs F12 medium with 5 % foetal bovine serum (FBS) (growth medium) for only one passage after receipt to minimize sheep chromosome loss. The hybrid panel available included all sheep chromosomes (OAR) except OAR-20, -23 and -26. Pseudotyped CAEVneo was produced and titrated as described previously (Ho$ tzel & Cheevers, 2001) . Briefly, human 293T cells in 60 mm plates (10' cells per plate) growing in Dulbeccohs modified Eaglehs medium with 10 % FBS were cotransfected with plasmids pCAEVneo10 and pCMV1514 or pMEVSV-G (6 µg each) using the calcium phosphate procedure. Culture medium was changed 18 h post-transfection and the supernatants containing pseudotyped virus were harvested 40 h post-transfection. Hybrid cells in 6-well plates (2i10& cells per well) were infected with 100 µl of clarified virus supernatant in 1 ml of growth medium, trypsinized 24 h post-infection and plated in 100 mm plates at 1 : 2 and 1 : 10 dilutions in growth medium containing 1 mg\ml G418 (Gibco BRL). Colonies were stained with crystal violet 8 days post-plating and counted. As CHO-K1 cells are resistant to CAEVneo(K1514) infection (Ho$ tzel & Cheevers, 2001) Sheep chromosomes retained by hybrid cell lines are as described by Burkin et al. (1998) All clones tested were susceptible to CAEVneo pseudotyped with the vesicular stomatitis virus (VSV) envelope (data not shown), indicating a lack of post-entry blocks for CAEVneo in hybrid cell lines. In addition, none of the cell lines tested was susceptible to CAEVneo without the envelope (data not shown). Clones R612-3H9 and R891-29 were susceptible to CAEVneo(K1514), with titres about tenfold lower than the titre of CAEVneo(K1514) in goat synovial membrane (GSM) cells (Table 1) . CAEVneo(K1514) titres in other clones were low, similar to the background levels of infectivity of this pseudotype in CHO-K1 cells (Ho$ tzel & Cheevers, 2001) , or below the level of detection. That the susceptibility of clones R612-3H9 and R891-29 was conferred by sheep chromosomes and not due to susceptibility of the parental auxotroph cell lines was indicated by the inability of CAEVneo(K1514) to infect clones R612-3H39, R891-5A1, R891-29R8A and R891-27R1B, which were derived from the same parental auxotrophs as susceptible clones R612-3H9 and R891-29 (Burkin et al., 1998) . The only chromosomes shared by susceptible hybrid clones R612-3H9 and R891-29 are OAR-3 and -7 (Table 1) . However, clone R612-3H39 retaining OAR-7, but not OAR-3, in the same background as susceptible cell line R612-3H9 was resistant to CAEVneo(K1514) infection (Table 1) , indicating that the MVV-K1514 receptor gene is located in OAR-3. This is supported by the fact that clone R612-3H9 is nearly as permissive to CAEVneo(K1514) infection as clone R891-29, despite having OAR-7 in only a minority of cells (Burkin et al., 1998) . In addition, clone Q576-15BX, retaining OAR-3q (the long arm of OAR-3), was resistant to CAEVneo(K1514) ( Table 1 ), indicating that the MVV-K1514 receptor gene is located in OAR-3p (the short arm of OAR-3).
Many markers are shared between OAR-3p and human chromosomes (HSA)-2 and -9. This has been determined both directly, by mapping markers in sheep chromosomes, and indirectly, by mapping markers in bovine chromosome 11, the bovine equivalent of OAR-3p (Band et al., 2000 ; Broad et al., 1995 ; Lopez-Corrales et al., 1998 , 1999 . Hamsterihuman hybrid cell lines retaining HSA-2 and -9, as well as HSA-12 and -22, the human equivalents of OAR-3q (Band et al., 2000 ; Broad et al., 1993) , were obtained from Coriell Cell Repositories (Camden, NJ, USA) and tested for susceptibility to CAEVneo(K1514). Again, all cell lines were susceptible to CAEVneo(VSV), none of the cell lines had spontaneous G418-resistant clones and none of the cell lines was infected by CAEVneo without viral envelope glycoproteins (data not shown). Of the four cell lines tested, only cell line GM10826, retaining HSA-2, was permissive to CAEVneo(K1514) entry (Table 2) , indicating the presence of an MVV-K1514 receptor gene in HSA-2.
To confirm the presence of an MVV-K1514 receptor gene in HSA-2, we tested hybrid cell line GM12515, also from Coriell, for susceptibility to CAEVneo(K1514). GM12515 is a Chinese hamster RJK88ihuman hybrid cell line that retains HSA-2p25 q13 fused to HSA-Xqter q22, selectively maintained in medium containing azaserine and hypoxanthine. The HSA-2 fragment retained by GM12515 contains most of the HSA-2 regions of extensive synteny with OAR-3p (Fig. 1) . The GM12515 cell line was highly susceptible to CAEVneo(K1514), with titres of at least 1n9i10$ c.f.u.\ml in different experiments, similar or higher than titres of the same CAEVneo(K1514) stocks in human HeLa-S3 cells (Table 2 ). In contrast, control cell line GM12510, also a Chinese hamster RJK88-derived hybrid cell line retaining HSA-Xqter q22 and other human chromosome fragments, but not HSA-2, was I. Ho$ tzel and W. P. Cheevers I. Ho$ tzel and W. P. Cheevers resistant to CAEVneo(K1514), with titres below the level of detection ( Table 2 ). The failure of CAEVneo(K1514) to infect two independent RJK88-derived cell lines, GM12510 and GM10888 ( Table 2 ), indicates that the parental RJK88 cell line is not susceptible to CAEVneo(K1514) and that the susceptibility of GM12515 to CAEVneo(K1514) is induced by a gene in HSA-2p25 q13.
Mapping of the MVV-K1514 receptor gene to regions of the sheep and human genomes of conserved synteny, HSA2p25 q13 and OAR-3p, respectively, indicates that MVV-K1514 probably uses the same receptor for entry in human and sheep cells. MVV-K1514 receptor genes did not map to any other sheep chromosomes, except perhaps OAR-20, -23 and -26, as these were not present in the hybrid cells tested. Therefore, although we cannot exclude the possibility that MVV-K1514 receptor genes are present in other sheep chromosomes but not expressed in the hybrid cell lines, it is unlikely that additional MVV-K1514 receptor genes are present in other human chromosomes not tested here, except in those regions of human chromosomes corresponding to Most human and simian immunodeficiency virus (HIV and SIV, respectively) strains use a two-component receptor for entry : CD4, as the main receptor, and a coreceptor that varies between strains (Peden & Farber, 2000 ; Sommerfelt, 1999) . All HIV and SIV strains use the chemokine receptors CCR5 and\or CXCR4 as coreceptors. However, many other coreceptors can also be used by different HIV or SIV strains in vitro (Peden & Farber, 2000) . A screening of surface molecules as possible receptor candidates for feline immunodeficiency virus (FIV) demonstrated that FIV also uses CXCR4 as a receptor (Willett et al., 1997a, b) . Shared use of CXCR4 occurs even though little sequence similarity is shared between FIV and HIV envelope surface glycoproteins. This indicates that distantly related lentiviruses can share receptor usage and suggests the possibility that one of the HIV\SIV coreceptors could also function as an MVV receptor. In this regard, a previous report mapped the MVV-EV1 receptor gene to mouse chromosomes (MMU)-2 and\or -4 and, by assuming a one-component receptor, excluded some HIV and SIV coreceptors, such as CXCR2, CXCR4, CCR1, CCR2, CCR4, CCR5, CCR8 and RDC1, as the receptor used by MVV-EV1 to infect mouse cells (Lyall et al., 2000) . The MVV-K1514 receptor gene mapped here may represent a one-component receptor, one component of a two-component receptor with the other component expressed by a hamster gene, or two genes in OAR-3p and HSA-2p25 q13, respectively, forming a two-component receptor. Also assuming a one-component receptor for MVV-K1514, our results suggest that MVV-K1514 uses a novel lentivirus receptor for entry in human cells, as none of the known HIV\SIV coreceptors (including CCR1, CCR2B, CCR3, CCR4, CCR5, CCR8, CCR9\D6, CX $ CR1, CXCR2, CXCR4, CXCR5, CXCR6\Bonzo, CCBP2, GPR1, GPR15, RDC1, APj, BLTR and CMKLR1\ChemR23) are encoded by genes mapping to the HSA-2p25 q13 region (Peden & Farber, 2000 ; Sommerfelt, 1999 ; http :\\www.ncbi.nlm.nih.gov\LocusLink) .
In addition to lentivirus receptors and coreceptors, the only other known retrovirus receptor genes mapping to q13 are the baboon endogenous retrovirus auxiliary receptor ASCT1, encoded by the SLC1A4 gene in the 2p15 p13 region, and the gibbon ape leukaemia virus receptor Pit1\Glvr, encoded by the SLC20A1 gene in HSA-2q11 q14 (Marin et al., 2000 ; Sommerfelt, 1999 ; http :\\ www.ncbi.nlm.nih.gov\LocusLink) . However, the GM12515 cell line susceptible to CAEVneo(K1514) does not retain the human SLC20A1 gene, as determined by PCR using primers specific for the first exon of the human (5h ATGGCA-ACGCTGATTACCAGTACTACAG 3h and 5h CGGCCA-TCAGCAGCCCTTGAGTCGA 3h) and hamster (5h GTGG-CACCGATTACTAATACTCTAGCTA 3h and 5h CCAG-CCATGAGCAAGTCTTGAGTTTC 3h) genes (data not shown), excluding Pit1 as a possible MVV-K1514 receptor. The possible role of ASCT1 or any other solute carrier encoded by HSA-2 in MVV-K1514 entry remains to be determined. Three proteins, with apparent molecular masses of 45, 30 and 15 kDa, have been implicated in the binding of MVV-K1514 to susceptible cells (Crane et al., 1991) . Although the identity of these proteins is unknown, some of their biochemical properties have been described. The 30 kDa protein is a chondroitin sulfate proteoglycan, whereas the 45 kDa protein has serine\threonine kinase activity Bruett et al., 2000) . Scanning of the public human genome sequence database (http :\\genome.ucsc.edu\) for genes encoding surface proteins of known function, matching both apparent molecular mass and biochemical properties of these MVV-K1514 binding proteins, failed to indicate any candidate receptors. Therefore, the relationship between the receptor gene mapped here and these binding proteins remains unknown.
Whether MVV-K1514 and EV1 use the same receptor is not known. In addition, the location of the MVV-EV1 receptor gene in sheep or human chromosomes is not known. However, if these two strains use the same receptor, the number of candidate receptors would be greatly decreased, as not many genes are shared between HSA-2p25 q13 and MMU-2 or MMU-4. It is possible, however, that different receptors are used by MVV-K1514 and EV1. In fact, the hamsterisheep hybrid cell lines R612-3H9 and R891-29 permissive to MVV-K1514 entry, as well as other hybrid cell lines, were completely resistant ( 20 c.f.u.\ml) to CAEVneo pseudotyped with the envelope of the North American ruminant-tropic MVV strain 85\34. The failure of CAEVneo(85\34) to infect hamsteri sheep hybrid cell lines could be due to the poor expression of the MVV-85\34 receptor in the hybrid cell lines or the requirement of more than one receptor component for infection by this strain. In addition, an MVV-85\34 receptor could be present in sheep chromosomes 20, 23 or 26, which were not present in any of the available cell lines. In any case, this is consistent with the differential host range of MVV-85\34 and MVV-K1514 (Ho$ tzel & Cheevers, 2001 ) and with previous results showing that North American MVV strains and MVV-K1514 belong to two distinct interference groups in sheep cells (unpublished data), indicating a differential receptor usage of MVV-85\34 and MVV-K1514. Although the receptor used by MVV-K1514 may be a consequence of the long passage history of this strain and selection for neurovirulence (Andresson et al., 1993) , it is possible that other European MVV strains with a wide host cell tropism and more closely related to MVV-K1514 also use the MVV-K1514 receptor. Mapping of the MVV-K1514 receptor gene in sheep and human chromosomes should aid in the identification of MVV strains that use the MVV-K1514 receptor and the identity of this receptor.
